1. Background {#s0005}
=============

Genetic variation within populations has long been known to be critical in determining population-wide phenotypic variation. Indeed, since before Darwin ([@bb0735]), there has been an awareness that the range of phenotypes within a population can be influenced by heritable factors, which we now know as genetics. This is particularly true for the infectious disease field where there is abundant evidence that host genetic variation contributes to differences in disease susceptibility and outcome between individuals (e.g., [@bb0005], [@bb0510], [@bb0720]). Furthermore, the use of genetic approaches to identify variant host genes that affect susceptibility to specific viruses has resulted in significant advances in our understanding of how viruses cause disease while also opening up new therapeutic avenues. For example, the determination that persons with a deletion in the HIV coreceptor CCR5 were highly resistant to HIV infection ([@bb0255]) informed the development of vaccines and therapies against HIV ([@bb0715]). Despite the undeniable importance of host genetic variation in influencing host susceptibility to viral infection, to date, only a handful of polymorphic genes have been definitively identified and mechanistically characterized for their impact on virus-induced disease in humans ([@bb0165], [@bb0255], [@bb0360], [@bb0770]), and as a field, we are just beginning to understand how complex interactions between multiple genes and environmental factors influence host susceptibility to viral infection.

Therefore, the objective of this chapter is to illustrate some of the key genetic approaches and tools to facilitate the identification and classification of these genetic variants. These approaches include a variety of genetic mapping approaches, the development of genetically modified experimental systems, the characterization of naturally occurring genetic variants within experimental systems, and the development of powerful new computational approaches. We will also discuss how these approaches have influenced our understanding of virus--host interactions and end by discussing some recent advances within the field that promise to significantly enhance our ability to identify and study variant host genes that influence susceptibility to virus-induced disease.

2. Approaches to Genetic Mapping {#s0010}
================================

Genetic mapping is the process by which the physical location of a genetic factor is identified on chromosomes. A number of such approaches exist and were first popularized during the early twentieth century following T.H. Morgan\'s development of the initial genetic linkage map in *Drosophila* ([@bb0540]). Briefly, genetic mapping involves utilizing recombination and traceable genetic markers to identify regions in the genome that contain genetic elements of interest ([Fig. 4.1](#f0005){ref-type="fig"} ). Historically, these approaches utilized phenotypic mutations, such as eye color in fruit flies, as the traceable markers allowed determination of the physical location of the genetic element responsible for a second phenotype. However, modern genetic mapping strategies more commonly use known genetic variants within the genome, such as single-nucleotide polymorphisms (SNPs), as markers for defining the location of a polymorphic gene of interest. The basic types of mapping approaches that have been used are linkage analysis and association studies, which will be discussed later. However, for readers who are interested in more in depth discussion of these approaches, we also refer you to several excellent reviews ([@bb0220], [@bb0405], [@bb0635]).Figure 4.1Different genetic mapping approaches. (A) Family pedigree containing a trait used for linkage mapping. The trait of interest (black individuals) is mapped by comparing trait to markers (A/a and D/d markers below individuals) within this family. Note that the trait is tightly linked to the D markers. (B) Experimental pedigree to identify QTL contributing to a continuous disease trait. Founder lines show a clear difference in phenotypes (black square and white circle at top of pedigree). F1 offspring all have intermediate phenotypes (gray individuals in middle of pedigree). F2 animals show a range of phenotypes (grayscale intensity). QTL analysis seeks to explain some portion of phenotype (grayscale) differences based on markers. In this case, individuals with A markers tend to be lighter in shade than those with *a* markers. (C) GWAS studies examine large pools of individuals without family structure (e.g., that are only evolutionarily distantly related). Within such a population, only SNPs that are very close to causative polymorphisms (or are in fact the causative polymorphisms) will avoid recombination breakdown of unequal associations. Therefore, by examining large numbers of SNPs in this population, those tightly associated with the phenotype will be identified. In this example, the first SNP (highlighted in red box) is associated with disease (black individuals). 5/6 individuals with the disease have a T at the SNP. In contrast, only 1/23 individuals without the disease have a T at the SNP.

As initially conceived, linkage analysis was most appropriate for the identification of highly penetrant, Mendelian genes (e.g., binary traits) segregating within some form of family pedigree or pedigrees. Individuals would be typed at each marker, with many initial linkage studies ([@bb0435]) using phenotypic markers, though as the field of genetics advanced, various molecular markers were used ([@bb0745]). Within each family, linkage disequilibrium (LD) or the nonrandom association between the trait and various markers is assessed ([Fig. 4.1](#f0005){ref-type="fig"}). As physical distance between the markers and target gene increases, recombination will breakdown LD, leading to random association between traits and markers. Therefore, the highest degree of LD within the population helps identify the rough physical location of the gene of interest.

Quantitative trait locus (QTL) mapping was developed as an extension of linkage analysis, with the recognition that many traits were quantitative traits ([@bb0480]). That is, instead of a single, highly penetrant or Mendelian gene being largely responsible for the traits of interest, a trait is influenced by multiple genetic elements, as well as by nongenetic environmental and demographic factors. QTL studies utilize a similar framework to linkage analysis but instead examine the relationship between markers and statistically significant differences in a phenotype within a population. These relationships indicate that a gene or genetic element linked to the marker influences the phenotype of interest ([Fig. 4.1](#f0005){ref-type="fig"}). While moderate sample sizes are needed for linkage analysis of Mendelian traits, much larger samples are needed for QTL analysis, and these sample sizes depend on the underlying architecture of the trait of interest. Therefore, QTL analyses have largely been limited to more controllable experimental systems (e.g., mice ([@bb0190]) and rice ([@bb0760])), where large numbers of crosses between individuals can be generated and screened for phenotypic variation.

In contrast to linkage analysis, association studies are useful for identifying common, low-pentrance alleles with broad distribution within the population. Association studies were made possible with the availability of dense SNP maps made available by the human genome sequencing project. While linkage relies on limited recombination breaking down LD between relatively distant markers and the gene impacting the trait of interest within family groups, association studies rely on the breakdown in LD over evolutionary timescales within nonrelated cohorts of individuals. As a result of this history of recombination, only SNPs that are either directly causative or very closely linked to the causative variant influencing the phenotype are detected in these approaches ([Fig. 4.1](#f0005){ref-type="fig"}). Indeed, the large number of SNPs used for these studies ensures that the relationship between a causative polymorphism and the tested SNPs is very tight ([@bb0405]).

The two major approaches to association studies relevant to virology research are candidate gene analysis and genome-wide association studies (GWAS). Both approaches utilize dense SNP maps to find individual SNP sites that are significantly associated with phenotypic variation in the trait of interest, with associated SNPs being described by the increased risk of a disease outcome they confer. GWAS, as their name implies, are designed to screen the whole genome for genetic variants that contribute to variation in a phenotype within a population. For these studies, once data on variation in a phenotypic trait have been collected from a population, genome-wide SNP maps from these same individuals are used to conduct association analysis. These genome scans statistically test whether specific regions of the genome are significantly associated with variation in a phenotype. If the test population is sufficiently large and importantly the SNP map is sufficiently dense, for some phenotypes, it is possible to identify the specific polymorphisms (e.g., SNPs, insertions, or deletions) that are responsible for driving the phenotypic variation. In contrast, candidate gene studies are designed to test whether variation in a specific gene or genetic element is associated with variation in a specific phenotype. For this type of candidate analysis, target SNPs, which are likely to impact expression and or function of the gene, are tested for a statistically significant association with a phenotype of interest.

3. Genetic Mapping of Viral Disease Related Genes Within the Human Population {#s0015}
=============================================================================

With the rediscovery of Mendel\'s studies and the birth of the field of genetics, major efforts were put into the developments of genetic linkage maps to facilitate the identification of genomic locations of genes contributing to a variety of phenotypes. By the early 1970s, marker sets were largely available for the human population, allowing for linkage studies directly related to human diseases. Though not specifically directed toward understanding the susceptibility to virus-induced disease, these types of linkage studies did result in the identification of loci associated with variation in virus-induced type I interferon (IFN) responses ([@bb0665]), as well as the identification of variants in a wide range of immunoregulatory genes ([@bb0335]). These include components of the human leukocyte antigen (HLA) locus, including genes encoding major histocompatibility complex molecules and components of the host complement cascade ([@bb0520]), which were later shown to contribute to variation in antiviral immune responses and susceptibility to virus-induced disease. An additional set of studies were conducted on the role of host genetic variation in driving longer-term diseases that were facilitated by viruses, such as the role that host genetics plays on Epstein--Barr virus (EBV) infection and cancer development ([@bb0595]).

One of the more notable results to come out of linkage studies was the eventual identification of a set of rare X chromosome mutations in an SH2 domain gene causing Duncan\'s disease, which confers extreme susceptibility to EBV infection with 100% mortality due to associated cancer and uncontrolled lymphoproliferation. Through a series of studies ([@bb0545], [@bb0565], [@bb0600]) utilizing linkage analysis, the causal locus for this disease was narrowed down to a region of the X chromosome, and a large (cytogenetically visible) deletion was identified in an affected individual. Further examination of this individual\'s relatives allowed for the identification of the gene *SH2D1A* as the potential causal gene for this disease. Examination of *SH2D1A* in other, unrelated individuals who had Duncan\'s disease showed that several had early stop codons or deletions, strongly pointing to mutations in this gene as causing Duncan\'s disease ([@bb0115]). It also helped advance the understanding of T-cell activation ([@bb0675]) and NF-kappa B signaling ([@bb0655]). Such early studies illustrated the power and potential of genetic mapping approaches; however, they proved the exception rather than the rule in early linkage studies.

One of the problems with these initial linkage and QTL studies was that large populations of related individuals at equivalent infection stages were difficult to collect, thereby making it difficult to quantify those infection-associated phenotypes necessary for efficient mapping studies. Furthermore, while some traits had genes of large effect controlling phenotypic outcomes, many immunophenotypes are likely governed by multiple genetic factors. Even with the unfortunate increase in cohorts of chronically infected individuals with stable phenotypes (e.g., human immunodeficiency virus (HIV) viral load), linkage studies with sufficient power to identify host genes associated with variation in susceptibility to viral infections, though possible, were still rare. Though these studies often found variants associated with the HLA complex to be critical for variation in viral susceptibility ([@bb0095], [@bb0130], [@bb0275], [@bb0285], [@bb0320], [@bb0575], [@bb0700]), the identification of variants at other loci was limited ([@bb0250], reviewed overall in [@bb0225]). Furthermore, for acute viral infections, which lack the stable phenotypes associated with chronic infections, such as viral load, these types of approaches have very poor success for identifying variant host genes associated with susceptibility to viral infections.

In the mid-2000s, a powerful new approach was able to be used in human populations, GWAS. As mentioned earlier, this novel approach was developed to identify multiple genetic variants across the whole genome that either directly contribute or are very tightly linked to phenotypic variation. With the availability of the human genome sequence, and then dense SNP maps, researchers were able to identify genetic variants that were either causative or very closely linked to causative variants for a large and growing number of biomedical traits ([@bb0750]). Despite this novel powerful approach, the drawback was the large number of samples needed for these analyses, limiting utility for some viral diseases. As with earlier linkage and QTL studies, the availability of large cohorts of chronically infected HIV and hepatitis C virus (HCV) patients with relatively stable viral loads provided useful data sets for identifying polymorphic host genes associated with variation in viral loads or other chronic disease conditions. GWAS studies continued to identify associations with HLA in response to a number of viral disease phenotypes, including HIV susceptibility ([@bb0355]), control ([@bb0265]), and replication in macrophages ([@bb0045]), progression to HCV-induced liver cirrhosis ([@bb0705]), the development of EBV-specific IgG responses ([@bb0535]), and hepatitis B virus (HBV) clearance ([@bb0465]) and infection risk ([@bb0400]). GWAS studies were also able to identify associations with SNPs outside of HLA for a number of viral disease responses including associations between several genes and HCV-induced liver fibrosis ([@bb0485]), IFN-gamma responses to smallpox vaccine ([@bb0305]), HBV disease progression ([@bb0365]), and HIV susceptibility ([@bb0330]). Several other GWAS have been conducted for more general immunologic phenotypes of interest to researchers of viral disease. These studies have found associations both inside and outside of HLA for a number of phenotypes, such as circulating C3 and C4 ([@bb0755]), circulating monocyte levels ([@bb0135]), and IgG production ([@bb0350]).

Perhaps, the most impressive and illustrative example of the power of GWAS approaches was in the identification and validation of *IL28B* as a key regulator of HCV. Three independent GWAS of the response of HCV-infected individuals to treatment with pegylated IFN and ribavirin, a treatment that has variable efficacy across the population found that ([@bb0175], [@bb0640], [@bb0670]) SNPs near *IL28B* were associated with positive response to anti-HCV treatment, with further analysis of peripheral blood mononuclear cells suggesting that the variant affected expression of *IL28B*. A follow-up study ([@bb0690]) further confirmed the role of *IL28B* not only in response to antivirals but also in spontaneous natural clearance of HCV. Indeed, genotyping of a highly diagnostic SNP in *IL28B* is now a standard aspect prior to prescription of HCV treatment, highlighting one of the initial promises of personalized/genetic medicine as it relates to viral disease.

Though GWAS approaches represent a powerful tool for identifying common genetic variants in large populations, they also have limitations that can affect their application to certain types of viral disease processes. First, GWAS analysis requires access to large cohorts of individuals where quantifiable measures of the virus-induced disease process are available. Therefore, with some exceptions where there is a tight enough relationship between polymorphisms and disease response variation, such as a study identifying genetic associations with dengue shock syndrome ([@bb0310]), viral outbreak situations with relatively small sample sizes of affected individuals probably may not be sufficiently powered to utilize GWAS. Furthermore, when studying naturally acquired infections where the readouts are transitory (e.g., acute viral loads) or where environmental factors, including viral challenge dose, preexisting immunity, or nutritional status may confound the analysis, it may be difficult to achieve sufficient power to achieve statistically significant associations (e.g., [@bb0780]). GWAS approaches are dependent upon the genetic variation affecting the phenotype of interest being due to common variants that are widely distributed within the population. If variation in response to a virus is being driven by rare genetic variants that have arisen *de novo* in individuals or small family groups and not generally distributed through the population, it is unlikely that GWAS approaches would achieve sufficient statistical power to identify these types of variants, and reversion to classical linkage approaches or novel exome-sequencing approaches (more below) is needed. Lastly, a more general problem with GWAS is that many of the found associations have been with intergenic or intronic regions ([@bb0405]). What remains an open question is how many of these associated SNPs are linked to causative nearby structural polymorphisms versus those involved in noncoding RNA regulatory networks, such as miR-22\'s role in HCV pathogenesis ([@bb0270]).

In light of these limitations of GWAS in regard to viral pathogenesis, researchers of viral disease have largely utilized more targeted candidate gene or pathway association studies to investigate how variation in specific genes or pathways affects viral disease. Unlike the unbiased GWAS, candidate gene-based association studies are focused on genes or pathways that are suspected to play a role in the pathogenesis of a specific viral pathogen based on prior evidence from other studies, including clinical observations or manipulative studies in experimental systems. Investigators then choose a limited set of genes and select variants in these genes that are known to or likely to affect either expression or function of the gene for interrogation with viral disease phenotypes. Importantly, because of the smaller cohorts of individuals needed, it is possible to identify associations with acute viral disease or those that had limited outbreaks. For example, due to binding interactions between DC-SIGN and L-SIGN and severe acute respiratory syndrome (SARS) coronavirus, it was hypothesized that SARS would interact with *ICAM3* and its signaling network. A candidate gene study was able to show that a nonsynonymous variant within *ICAM3* was associated with increased lymphocyte circulation during SARS infection ([@bb0100]). Many similar studies have been performed with both acute ([@bb0160], [@bb0215], [@bb0425], [@bb0605]) and chronic infections ([@bb0110], [@bb0370], [@bb0380], [@bb0445], [@bb0660]), as well as adaptive responses to viral vaccines ([@bb0740]).

While such targeted association studies allow for more precise investigations of the role that specific genes play in viral infections, they do have significant limitations. Specifically, by not interrogating the entire genome of these individuals, false associations (those generated by genomic structure) might be identified. True associations can also be masked by genetic structure elsewhere in the genome. Furthermore, since candidate gene studies are based on preexisting knowledge, it is likely that novel or previously uncharacterized pathways will be ignored by this approach. Nonetheless, these targeted association studies represent a powerful approach to begin identifying genes relating to more acute and/or limited viral infections and can be used to narrow down and more intensely interrogate the impact that variation in specific genes or pathways has on virus-induced disease processes. For example, a candidate gene study ([@bb0475]) investigating SNPs in *CD46* and *SLAM* impacting measles vaccine responses was able to better understand the role of SNPs in these genes enhancing innate responses and cytokine production as a mechanism for vaccine response. Furthermore, as more high-throughput siRNA screens ([@bb0280], [@bb0525], [@bb0775]) are used, such studies can provide increased sets of rational candidates to probe within human systems.

4. Experimental Approaches to Studying Host Genetic Influences on Viral Diseases {#s0020}
================================================================================

In response to several of the difficulties encountered in identifying host genes and genetic variants in the human population, a variety of experimental models have been used to identify variant genes that affect susceptibility to virus-induced disease. These experimental systems provide several advantages, including the ability to conduct more invasive and mechanistic studies than are possible in humans, greater control of potentially confounding environmental factors, and the availability of reproducible populations that permit analysis of phenotypic variation over time or across different experimental conditions (e.g., viral doses or different viral variants). These systems include resources developed to interrogate the function of specific genes using either reverse genetics (e.g., knockout mice) or forward genetics (e.g., *N*-ethyl-*N*-nitrosourea (ENU) mutagenesis), and though these approaches have played key roles in advancing our understanding of the role the specific host genes play in the pathogenesis of a number of viruses, they have also been reviewed extensively elsewhere (e.g., [@bb0145], [@bb0185], [@bb0430], [@bb0680]). Therefore, we will only briefly discuss these approaches and will instead focus our discussion on systems tailored to investigate natural genetic variants segregating either between inbred lines of classic lab model organisms or within genetically variant populations (e.g., inbred line screens, F2 and backcrosses, consomic and congenic lines, and genetic reference populations (GRPs); [Fig. 4.2](#f0010){ref-type="fig"} ).Figure 4.2Experimental models for dissection of host genetic impact of viral disease. A number of different experimental approaches have been utilized to better understand the role of host genetics on viral disease. (A) Genetic knockout systems. Complete disruption of a gene product, where the contrast is between the wild-type inbred strain and the mutant strain. Both lines are isogenic except at the disrupted gene. (B) ENU mutagenesis. Random mutagenesis can produce variants that affect gene function. Again, by isolating and fixing the mutation, a direct comparison can be made to the original wild-type inbred strain, as the two lines will be isogenic except at the mutation of interest. (C) Comparisons between two inbred strains can reveal distinct disease responses (as in [@bb0055], [@bb0615], [@bb0785]). Such results show that one or a number of unidentified genetic factors cause these differences. A variety of approaches can then identify these factors. (D) Consomic panels create novel inbred lines that contain an entire genome of one founder strain, except that each consomic line contains a single chromosome from the other founder strain. Disease measurements across such panels are useful for identifying and honing in (through the use of congenic animals) on genes of large effect or Mendelian genes affecting disease outcomes ([@bb0085]). (E) By crossing animals from two founder lines together, and then breeding the F1 animals together, large pools of F2 animals can be quickly generated for QTL mapping studies. These F2 crosses result in individuals that are all genetically related, but each with a distinct (and incompletely inbred) genome. (F) In order to compare across QTL studies, and to integrate experimental replication and control into genetic mapping approaches, several recombinant inbred panels have been created (e.g., the BxD, AxB, and BxA panels in mouse and several panels in rice and *arabidopsis*). Each line is completely inbred, and its genome is a mosaic of the two founder lines. (G) The collaborative cross is a new recombinant inbred panel derived from eight highly genetically diverse founder strains. Thus, each CC line\'s genome is a mosaic of eight founder lines. At any given locus, up to eight alleles can be segregating in this population enabling both QTL mapping and more robust modeling of human genome-wide variation.

4.1. Reverse and forward genetic systems {#s0025}
----------------------------------------

Reverse genetic approaches, such as targeted gene knockouts in mice, have provided major insights into the role that specific host genes play in either protecting from or promoting virus-induced disease. Furthermore, these approaches have clarified that most responses to viral infection are highly dependent on multiple host genes, which reflects the fact that the immune system is a highly complex network regulated by several interacting pathways. For example, a variety of studies have shown that genes relating to the Toll-like receptor (TLR) pathways ([@bb0385], [@bb0455]), IFN signaling ([@bb0150], [@bb0260], [@bb0300]), and complement activity ([@bb0315], [@bb0415], [@bb0440]) are all critical for either promoting or muting the host response to various viral infections and that for a given viral infection, disruption of different genes within the same pathway often results in similar immunophenotypes. Furthermore, these studies have also been important for illustrating the fact that the same immune pathway can play very different roles in the pathogenesis of different viruses, demonstrating the complexity of pathogen--host interactions. For example, while complement is critical for protection from encephalitic alphaviruses, such as Sindbis virus ([@bb0235]) and Venezuelan equine encephalitis virus ([@bb0075]), it enhances disease during Ross River virus infection ([@bb0200], [@bb0440]).

In addition to these reverse genetic approaches, studies utilizing forward genetic approaches, typically ENU mutagenesis, have further illustrated the complex role of multiple interacting genes and pathways ([@bb0125], [@bb0240]). While knockout studies are directed toward dissecting the function of known genes, forward genetic approaches can be used both to investigate the function of specific genes by selecting specifically for hits within the gene of interest and also to provide an opportunity to perform an unbiased screen of the whole genome for genes that contribute to specific phenotypes, such as resistance to murine cytomegalovirus infection ([@bb0125]). While many of the initial findings from ENU mutagenesis studies have identified largely Mendelian, or genes of large effect, this type of analysis has identified key components of important immune pathways, such as the TLR pathways ([@bb0070], [@bb0245]). ENU has also highlighted the knowledge that multiple allelic ([@bb0020], [@bb0140], [@bb0580]) variants within a single gene can disrupt multiple different aspects of a gene\'s activity, such as work disassociating immunomodulating activities of *Ikbkg* from a role in development ([@bb0580]).

4.2. Using natural genetic variation to identify host genes affecting viral pathogenesis {#s0030}
----------------------------------------------------------------------------------------

While forward and reverse genetic approaches have provided important insights into the role that host genes play in the pathogenesis of a number of viral infections, the use of naturally occurring genetic variation within experimental populations has also led to the identification of novel host genes and pathways that affect the host response to viral infection. A wide variety of studies have shown that there is significant variation in response to viral infection between different genetic backgrounds of mice ([@bb0625]), plants ([@bb0420]) and other animal systems ([@bb0345], [@bb0530]). Studies in a variety of these systems have utilized classical linkage approaches, while others have leveraged the increased precision and population sizes of experimental populations to utilize QTL analysis to identify host genes associated with specific virus susceptibility phenotypes. These include the use of a variety of mapping approaches and genetic techniques, including F2 and backcrosses, congenic and consomic mouse lines, and a variety of recombinant inbred panels ([Fig. 4.2](#f0010){ref-type="fig"}). Because of the additional experimental precision of many of these systems, host factors contributing to both endemic viral pathogens and experimental models of human pathogens have been identified within these analyses. However, despite the strength of genetic mapping approaches in experimental systems, relatively few such studies have been conducted in systems relevant to human health.

In contrast, QTL studies have been widely used in agricultural systems ([@bb0180], [@bb0230], [@bb0420], [@bb0515], [@bb0530]) with a focus on the development of breeding strategies ([@bb0470], [@bb0610]) designed to increase disease resistance against damaging pathogens. QTL studies have also been conducted in other nonmodel systems to identify mosquito polymorphisms contributing to susceptibility to both La Crosse ([@bb0195]) and dengue viruses ([@bb0060]). Such approaches can lead to the development of novel strategies of control of vector-borne pathogens.

While QTL and consomic/congenic mapping approaches in mouse models of human disease have been somewhat limited, these approaches have provided important insights into the role of host genetic variation and its effects on the pathogenesis of a number of acute viral infections, such as Sindbis virus ([@bb0685]), influenza ([@bb0040], [@bb0050], [@bb0460]), respiratory syncytial virus ([@bb0630]), Sendai virus ([@bb0585]), and West Nile virus ([@bb0390]). In addition, a number of studies in more chronic infections such as Theiler\'s virus ([@bb0025], [@bb0080]), mouse cytomegalovirus (MCMV) ([@bb0550], [@bb0555], [@bb0620]), gammaherpesvirus ([@bb0210]), and viral-induced tumor development ([@bb0725]) have been conducted.

There are several examples of virus resistance genes where a single large effect size gene is largely responsible for the viral phenotype, yet despite the presence of well-characterized, large effect size loci, it is often difficult to use experimental mapping studies to narrow down loci to causative variants. However, there are important exceptions to this issue in the identification of *Oas1b* in West Nile virus infection ([@bb0390], [@bb0500], [@bb0590]) and of *Ly49H* in MCMV infection ([@bb0555], [@bb0560]). This process is difficult and time-consuming, as illustrated by the identification of *Oas1b* as the causative gene underlying flavivirus resistance in the mouse ([@bb0500]). The flavivirus resistance locus, *flv*, had been known of as early as the 1920s, and a congenic inbred strain carrying the resistance allele was developed, with the position of the resistance allele narrowed to a region on chromosome 5, including very tight linkage to a microsatellite marker. A large (300 kb) BAC contig was assembled based off of a probe with this marker. Exon trapping and cDNA selection from this contig were then utilized to identify a small number of genes within the region. Analysis of the susceptible C3H/He mouse strain, and its congenic *flv*-resistant strain, was able to identify polymorphisms in two of these genes, with sequence analysis of various susceptible and resistant mouse lines identifying a C820T transversion encoding a premature stop codon of *Oas1b* in susceptible lines. Follow-up studies in primary cells ([@bb0375]) and in a transgenic mouse model ([@bb0590]) confirmed the role of variant *Oas1b* alleles in protection against flavivirus. Despite these difficulties, such positional cloning advances are critical for advancing understanding of viral pathogenesis, since these set the stage for investigating how variant alleles in genes affect specific aspects of virus-induced disease processes.

While a single gene, such as *Oas1b*, can explain much of the observed variation in some viral phenotypes, it is also clear that for most, if not all, virus-induced disease processes, multiple host genome regions contribute to variation in phenotypes such as disease resistance, mortality, or recovery ([@bb0025], [@bb0050], [@bb0460], [@bb0585]). Several studies have found multiple genome regions contributing to these processes. For example, a study of highly pathogenic avian influenza (H5N1) in the BxD recombinant inbred panel was conducted ([@bb0050]), as clear differences in survival time, disease, and LD~50~ were identified between the BxD progenitor strains C57BL/6J and DBA/2J. Animals from a panel of 66 BxD lines were then challenged with a dose that was lethal for DBA/2J animals, yet sublethal for C57BL/6J animals. This allowed for the identification of 5 QTL, which acted largely additively to each other to influence survival and mortality rate following infection. They also were able to determine that lines with severe responses had higher production of several proinflammatory cytokines in the lungs early postinfection, including TNF-α, CCL2, and type I IFN. By utilizing transcriptional responses from the lungs of C57BL/6J and DBA/2J animals, and narrowing in on transcripts that were differentially induced between these strains following infection, high-priority candidates were identified underneath the various QTL, including hemolytic complement, *Hc*, or *C5*. Analysis of congenic mouse lines differing only at *Hc* confirmed the role of complement in H5N1 infection.

Two types of results from mouse QTL studies highlight further aspects of the genetic complexity of host responses to viral infections and also illustrate some of the potential difficulties in studying viral infections in human populations and the need for experimental systems. First, several studies across viruses ([@bb0040], [@bb0090]) have shown that QTL impacting viral responses can be sex-specific. Second, a study of influenza ([@bb0460])-induced disease found that QTL contributing to the host response were limited to specific timepoints in the infection process, where the QTL contributing to clinical disease were seen at days 5 or 6 postinfection, but no evidence for this QTL carried over to later timepoints. Without precise experimental control, such host loci would presumably be missed and highlight the critical need for experimental precision.

5. The Collaborative Cross as an Integrative Genetic Mapping and Systems Biology Platform {#s0035}
=========================================================================================

QTL studies in a variety of systems illustrated the utility of genetic mapping approaches and the value of exploring systems containing natural genetic variation ([@bb0050]). Similarly, ENU studies ([@bb0580]) illustrated the importance of examining multiple, functionally different alleles at a gene (i.e., allelic series), which also replicates some of the abundant within-gene allelic diversity found within the human population ([@bb0035]). In the early 2000s, a group of researchers began creating a novel mouse GRP to expand the types of genetic mapping studies that could be done, increase the allelic diversity and genetic variation within this panel, and provide more directed integration between human population-level diversity and GWAS results with *in vivo* animal models and systems genetic tools being developed. The collaborative cross (CC) recombinant inbred panel ([@bb0120]) was derived from eight founder strains (the classical lab strains A/J, C57BL/6J, 129s1/SvImJ, NOD/ShILtJ, and NZO/HiLtJ as well as three wild-derived inbred strains CAST/EiJ, PWK/PhJ, and WSB/EiJ). Animals from these strains were bred together in a funnel design, with resultant offspring being bred together to generate a novel inbred line, whose genome is a mosaic of contributions of the eight founder strains. This process was repeated many times, with the positions of the eight founders in the funnel shuffled to avoid sex chromosome and mitochondrial biases. As with other GRPs (e.g., BxD and AxB), this process created a set of inbred lines that are related to each other but share no recombination events (e.g., each line is related yet independent).

The CC presents several advantages over previous GRPs in that the size of the panel, the breeding design, and the precise selection of the eight founder lines have meant that there is a level of genetic variation within the CC that is roughly equivalent to common variants present within the human population (\~ 45 million SNPs), albeit with a minor allele frequency of \~ 12.5% ([@bb0120], [@bb0710]). In contrast to other GRPs, which have typically been derived from two founder strains, the eight founder strains of the CC mean that (a) this genetic variation is located throughout the genome (i.e., there are no genetic blind spots in this panel) and (b) there can be up to eight functionally distinct alleles at genes within the CC. When taking these data, as well as the size of the CC panel into account, it is clear that the CC can be used to recapitulate many aspects of the human population, allow for the identification of QTL with subtle effects on disease phenotypes ([@bb0710]), and also maintain experimental control and manipulation.

Although the CC and their related resources such as the diversity outbred population ([@bb0650]) are relatively novel, a number of studies of biomedically important traits, including fungal infections and hematologic parameters, have confirmed the utility of the CC for genetic mapping and modeling of outbred populations, such as humans ([@bb0015], [@bb0155], [@bb0295], [@bb0395]). Relevant for studies of viral disease, two studies ([@bb0065], [@bb0170]) utilized incompletely inbred animals from a number of CC lines (known as the PreCC population) to study the host response to influenza infection within the CC. In examining a variety of virological, pathological, and transcriptional responses across the entire PreCC population ([@bb0170]), a number of QTL were identified influencing different aspects of the host response to infection. Illustrating the importance of allelic variants, a major QTL was found over *Mx1*. *Mx1* is a well-known anti-influenza gene ([@bb0205]). However, as there are five distinct *Mx1* alleles segregating within the CC, a novel allele that differentiated its antiviral effects from its ability to promote clinical disease resistance was identified in the PreCC study ([@bb0170]). Despite the major role of *Mx1* in controlling influenza-associated disease, a number of other QTL were identified that contributed to a variety of pathological phenotypes including pulmonary edema and excessive neutrophil infiltration, both hallmarks of severe human influenza infections. A study of extreme responders (those with exceptionally severe disease or high resistance to influenza infection) within this PreCC population ([@bb0065]) was able to identify and validate a large number of gene expression or eQTL differentiating these classes of animals, and further analysis of these transcripts was able to point to a potential role for the IFN-induced gene *Ifi2712a* as being a potential regulator of a variety of transcriptional responses relating to extreme influenza responses. Although not utilizing CC animals, but instead animals from the CC founder strains, two studies ([@bb0490], [@bb0495]) were able to investigate transcriptional responses to both influenza and SARS infection and were able to show both mouse strain-specific and virus infection type-specific transcriptional difference. Furthermore, evidence from both these studies suggests that noncoding RNA species were critical in regulating these host responses. Such results resonate with the preponderance of GWAS studies finding associated SNPs in intergenic regions ([@bb0405]) and suggest that the CC might provide a powerful tool dissecting these regions.

6. Looking Forward {#s0040}
==================

Several recent studies ([@bb0570]) have critiqued the use of the mouse as a tool for the study of human biomedical traits. Experimental models of viral pathogenesis (e.g., mouse models) that contain genetic diversity represent a critical resource for our understanding of host genetic contributions to viral pathogenesis for several reasons. First, such models can allow for the identification of pathologies that are difficult to logistically and ethically collect in human populations yet play critical roles in pathology (e.g., pulmonary edema during influenza infection ([@bb0170]) and resident tissue titers ([@bb0055])). Second, by being able to assess disease phenotypes at multiple timepoints in genetically identical individuals allows for the linking of genetic control of early disease events to later pathological outcomes ([@bb0460]). Finally, such experimental systems can inform as to the roles of critical host pathways and polymorphisms when there are extremely small human samples, limiting conclusions that can be drawn by more typical linkage or association approaches ([@bb0050], [@bb0785]).

This is not to say that research should remain solely focused on experimental models. Indeed, technological and computational advances have allowed for a variety of highly insightful new approaches into the study of human genetic responses to infection. Whole genome sequencing and whole exome sequencing have also opened up new possibilities for using this approach to identify variant genes that are associated with variation in susceptibility to viral infection. Though still in the early stages of application, these approaches combined with genome-wide linkage analysis have already been used to identify large effect genetic deficiencies associated with susceptibility to severe bacterial infections ([@bb0030]). The utility of whole exome sequencing for the identification of causal mutations in ENU mutagenesis projects has also been pointed out ([@bb0010]). Similarly, the availability of whole genome sequence data from the founder animals of both the CC and the BxD and AxB panels ([@bb0290]) has allowed for honing in on candidate genes ([@bb0170], [@bb0295]) and SNPs ([@bb0155]) underneath QTL. These technological and computational advances should shorten the time frame in all genetic mapping studies between initial discovery and positional cloning of causative variants.

Advances in computing and high-throughput molecular profiling have also led to the advent of systems biology approaches. These approaches have been used within human cohorts to identify a number of critical pathways and genes controlling responses to a variety of pathogens and/or vaccinations. Innate responses were found to be critical in the response to dengue fever, but not dengue hemorrhagic fever ([@bb0695]). Similarly, clear profiles of responses were seen to distinguish influenza responses in a population of infected humans ([@bb0765]). Studies of vaccine responses to yellow fever ([@bb0505]) as well as influenza vaccines ([@bb0450]) highlighted several critical regulators of protection, antibody production, and antiviral neutralizing activity following vaccination in human cohorts. Such approaches can guide the development of candidate association studies. Such systems approaches have also been used in various experimental models to identify critical roles for airway epithelial cells in the development of the cytokine storm during H5N1 influenza infection ([@bb0340], [@bb0410]) and also a critical role for NK cells in controlling West Nile virus dissemination ([@bb0645]). Although not explicitly done yet, there has been interest ([@bb0325]) in utilizing systems approaches in complex yet genetically defined populations such as the CC.

The approaches described within this chapter and earlier represent exciting new tools with which to better understand the role of host genetic variants on viral disease. These approaches can also allow for the integration of human, mouse, and other experimental systems together. However, as our knowledge from various sources has increased, so too has our awareness of specific challenges that need to be addressed.

While numerous GWAS studies have been conducted for a variety of studies, many of the current GWAS studies ([@bb0405]) have only identified main effect loci (those of small effect yet highly penetrant and working across a range of genetic backgrounds). It is thought that much of the "missing" genetic variation is due to epistatic or gene-by-gene interactions (i.e., specific allelic combinations at two or more loci interact to produce unexpected phenotypic outcomes). Indeed, such gene-by-gene ([@bb0170]), gene-by-environment, and gene-by-demographic interactions ([@bb0040]) have been identified in those limited QTL studies conducted in models of human disease. Furthermore, many studies (e.g., [@bb0730]) have demonstrated that cross talk and interconnectedness between arms of the immune response are widespread. These results suggest that approaches to identify and analyze complex gene interactions are critical for the advancement of the field.

Previous experimental studies within single inbred mouse lines have shown that variant viruses can interact very differently ([@bb0105]). However, genetic mapping studies of influenza virus in mice ([@bb0040], [@bb0170]), including two within the identical BxD panel ([@bb0050], [@bb0460]), suggest that viral variants interact with different host variants, adding to the complex virus--host interactions in promoting disease. As mapping studies within the human population require large populations of individuals, there is the risk that viral variants will segregate within these human cohorts, clouding the roles of given host polymorphisms.

Though there are certainly challenges associated with defining complex host genetic interactions that determine susceptibility to viral pathogens in both humans and in model systems, recent advances in genetic analysis methods and resources for studying complex genetic interactions suggest that the field will see significant advances in the identification of polymorphic host genes and genetic elements that drive variation in the response to viral pathogens. Furthermore, by carefully integrating human studies with advanced animal models, it should be possible to perform mechanistic predictive genetic studies to determine how interactions between polymorphic host genes and viral pathogens influence disease outcome. Ultimately, this type of research may lead to more effective vaccines and therapies that showed enhanced efficacy in outbred populations.
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